Epigenetic modifications in the C-terminal domain of histones coordinate important events during early development including embryo genome activation (EGA) and cell differentiation. In this study, the mRNA expression profile of the main lysine demethylases (KDMs) acting on the lysine 4 (H3K4), 9 (H3K9), and 27 (H3K27) of the histone H3 was determined at pre-, during and post-EGA stages of bovine and porcine embryos produced by in vitro fertilization (IVF) and somatic cell nuclear transfer (SCNT). In IVF embryos, mRNA abundance of most KDMs revealed a bell-shaped profile with peak expression around the EGA period, i.e. Day 3 for porcine (KDM2B, KDM5B, KDM5C, KDM4B, KDM4C, KDM6A, KDM6B, and KDM7A), and Day 4 for bovine (KDM1A, KDM5A, KDM5B, KDM5C, KDM3A, KDM4A, KDM4C, and KDM7A). The mRNA profile of KDM1A, KDM2B, KDM3A, KDM3B, KDM6A, and KDM6B differed between porcine and bovine IVF embryos. Several differences were also observed between SCNT and IVF, which includes a precocious peak in the mRNA expression of KDM1A, KDM3A, KDM4C, KDM5A, KDM5B, KDM5C, KDM6A, and KDM7A in bovine SCNT embryos; absence of mRNA peak for KDM4B, KDM4C, and KDM6A in porcine SCNT embryos; and early decreasing in KDM5B and KDM5C mRNA in porcine SCNT embryos. Based on the mRNA profile, this study has identified several KDMs that are likely involved in the regulation of the EGA transition, KDMs that may have a species-specific role in bovine and porcine embryos, and KDMs that are improperly expressed during cell reprogramming in SCNT embryos.
Introduction
Infertility/subfertility is a growing concern in modern human societies, as well as in animal species, particularly in livestock that have been selected for high production traits, such as dairy cattle [1] . Embryo mortality is an important component of infertility in both human and animal species [2, 3] . Moreover, abnormal embryo development and death are the main constraints impacting the efficiency and success of assisted reproductive technologies that are increasingly applied to humans and domestic animals [4] [5] [6] . Somatic cell nuclear transfer (SCNT) into enucleated oocytes is a technology to reprogram differentiated cells [7, 8] that has been applied in many animal species, including primates, mice, domestic and wild animals to produce pluripotent cells or create cloned animals [9, 10] . Indeed, thousands of cloned animals have been produced by SCNT for a plethora of reasons, such as animal production, animal conservation, biopharming and biomedicine [11, 12] . Nonetheless, embryos produced by SCNT have lower developmental competence compared to normally conceived embryos due to altered epigenetic resetting [13, 14] .
Epigenetics is critical for regulation of normal embryo development, the establishment of cell differentiation program and cell reprogramming [15, 16] . A crucial phenomena regulated by epigenetic mechanisms during early development includes the initiation of gene transcription during the period of embryo genome activation (EGA) [17] . Important epigenetic modifications involved in the EGA transition and programming of cell differentiation include DNA methylation and covalent modifications of histones. These modifications alter chromatin condensation and DNA accessibility, and consequently regulate key cellular processes such as DNA replication and repair, gene transcription, and cell cycle progression [15, 16] . Among the variety of histone modifications observed during early embryo development, changes in the methylation status of lysine residues in the histone H3, including lysine 4 (H3K4) [18] [19] [20] [21] [22] , lysine 9 (H3K9) [23, 24] , and lysine 27 (H3K27) [22, 25] , have been shown to affect EGA transition, cell differentiation, and embryo development. The level of methylation on those lysine residues is controlled by the actions of histone methyltransferases and histone demethylases (KDMs) [26] . Several KDMs of H3K4 (e.g. KDM1A, KDM5A, KDM5B), H3K9 (e.g. KDM4A, KDM4B), and H3K27 (e.g. KDM6A, KDM6B) were shown to be expressed in embryos [18, 20, 27, 28] , but their roles on embryogenesis regulation remain largely uncharacterized.
The methylation level of H3K4 is positively associated with transcriptional activity. Therefore, it is expected that H3K4 methylation levels increase in genes that require activation during the EGA transition [17] . Indeed, it was recently reported that changes in broad histone H3K4me3 domains are necessary to modulate the EGA transition in mouse embryos [20, 21] . Several KDMs are known to be involved in the modulation of H3K4 methylation levels in somatic, germ, and embryonic cells including KDM1 (e.g. KDM1A and KDM1B) and KDM5 (e.g. KDM5A, KDM5B and KDM5C) family members [20, 21, [27] [28] [29] [30] . For instance, KDM1A was shown to regulate spermatogenesis and affect transgenerational inheritance [31] , while KDM5B has been shown to regulate early embryo development and survival [20, 27] . H3K9 methylation has been described as one of the main barriers for cell reprogramming [23, 24, 32] . Indeed, decreasing H3K9me3 levels by overexpression of H3K9 demethylases or inhibiting methyltransferases facilitated transcriptional reprogramming and enhanced cell reprogramming efficiency, development of SCNT embryos and derivation of embryonic stem cells from SCNT embryo in mice and humans [33, 34] . Similarly, hypermethylation of H3K27 was identified as an important barrier of cell reprogramming [25, 35, 36] . Downregulation of H3K27me3 enrichment at specific transcription sites seems to be required for proper EGA and cell differentiation in mouse embryos [17, 37] . In addition, H3K27 methylation was recently shown to play a role in the regulation of genomic imprinting during oogenesis and embryo development [38] . The chromatin modifications regulated by H3K4 and H3K27 methylation are known as bivalent chromatin, and they are thought to orchestrate multiple processes during embryo development [22, 39] .
Based on the critical roles of H3K4, H3K9, and H3K27 methylation for regulation of embryo development and cell reprogramming, this study was designed to gain additional insights into the demethylation of these three lysine residues in developing embryos of bovine and porcine species. For this, we have first characterized the mRNA expression levels of the most important KDMs of H3K4 (KDM1A (previously known as AOF2, LSD1 or KDM1), KDM1B (previously known as AOF1), KDM2B (previously known as FBXL10), KDM5A (previously known as JARID1A), KDM5B (previously known as JARID1B) and KDM5C (previously known as JARID1C or SMCX)), H3K9 (KDM3A (previously known as JMJD1A), KDM3B (previously known as JMJD1B), KDM3C (previously known as JMJD1C), KDM4A (previously known as JMJD2A), KDM4B (previously known as JMJD2B), and KDM4C (previously known as JMJD2C)), and H3K27 (KDM6A (previously known as UTX), KDM6B (previously known as JMJD3), and KDM7A (previously known as JHDM1D)) in embryos at developmental stages corresponding to pre-, during, and poststages related to the EGA transition. Second, we compared the mRNA expression profiles of those KDMs during the EGA transition in embryos produced by IVF and SCNT.
Materials and methods
Unless stated otherwise, all chemicals were purchased from Sigma Chemicals Company (Sigma-Aldrich; Oakville, ON, Canada or São Paulo, SP, Brazil).
Oocyte collection and in vitro maturation
Bovine ovaries were obtained from a local abattoir (Best Beef, Santa Maria, RS, Brazil) and transported to the laboratory in saline solution (0.9% NaCl; 30
• C) containing penicillin (100 IU/ml) and streptomycin (50 μg/ml). Cumulus oocyte complexes (COCs) from 3 to 8 mm diameter follicles were aspirated with a vacuum pump (vacuum rate of 20 ml of water/minute). Ovaries of prepubertal gilts were collected at a local slaughterhouse (Olymel S.E.C./L.P., Saint-Esprit, QC, Canada) and transported to the laboratory at 32
• C in saline solution containing penicillin (100 UI/ml) and streptomycin (10 μg/ml). COCs were aspirated from 3 to 6 mm follicles using a 10 mL syringe and 18-gauge needle and only COCs having a minimum of three cumulus cells layers and a homogeneous granulated cytoplasm were selected for in vitro maturation (IVM). Groups of 30 COCs were matured for 22 h in 90 μl of maturation medium consisting of TCM199 (Life technologies, Burlington, ON, Canada), supplemented with 20% of porcine follicular fluid, 1 mM dibutyryl cyclic adenosine monophosphate (dbcAMP), 0.1 μg/mL cysteine, 10 ng/mL epidermal growth factor (Life technologies), 0.91 mM sodium pyruvate, 3.05 mM D-glucose, 0.5 μg/mL LH (SIOUX Biochemical Inc., Sioux Center, IA, United States), 0.5 μg/mL FSH (SIOUX Biochemical Inc.), and 20 μg/mL gentamicin (Life technologies). COCs were transferred to the same IVM medium, but without LH, FSH, and dbcAMP, for an additional 20-22 h under the same conditions.
In vitro fertilization
After IVM, bovine oocytes were fertilized in vitro with tested frozen semen that was thawed and fractionated on discontinuous Percoll (GE Healthcare, São Paulo, SP, Brazil) gradient. Sperm were diluted and added to the oocytes with final concentration adjusted to 2 × 10 6 sperm/ml in Fert-TALP medium containing 10 μg/ml heparin, 30 μg/ml penicilinamine, 15 μM hypotaurine, and 1 μM epinephrine. Fertilization was carried out by coculture of sperm and oocytes for 18-20 h in four-well plates in the same atmospheric conditions used for maturation. For IVF of porcine oocytes, cumulus cells were removed after IVM by vortexing in TCM199 HEPES-buffered medium (Life Technologies, Burlington, ON, Canada) supplemented with 0.1% hyaluronidase. Denuded oocytes were washed three times in prestabilized modified Tris-Buffered Medium (mTBM) [40] , containing 2 mM caffeine and 0.1% bovine serum albumin (BSA), and then fertilized using 2 × 10 5 sperm/ml in four-well plates with 500 μl media for 5 h.
Nuclear donor cells culture and nuclear transfer (SCNT)
Bovine and porcine fibroblast cells were cultured in vitro in Dulbecco Modified Eagle Medium/Nutrient Mixture F-12 Ham (DMEM-F12), supplemented with 10% FBS (Life Technologies) and 1% antibiotics (10 000 U/mL penicillin and 10 000 μg/mL streptomycin) at 37
• C in 5% CO 2 and 95% air. For SCNT, matured oocytes with a polar body were cultured in TCM-199 supplemented with 0.4 μg/mL demecolcine and 0.05 M sucrose for 60 min. This treatment resulted in a small protrusion in the ooplasmic membrane that contained the metaphase chromosomes. Oocytes were transferred to TCM-199 HEPES-buffered medium supplemented with 2 mg/mL BSA (fatty acid free), 20 μg/mL gentamicin, and 7.5 μg/mL cytochalasin B for 5-10 min, and then enucleated by removing the protruded chromatin and the first polar body. A nuclear donor cell was transferred into the periviteline space of each enucleated oocyte, and then fused electrically using a single DC pulse of 32V for 70 μs. Electrofusion was performed in a 0.28 M mannitol solution supplemented with 50 μM CaCl 2 , 100 μM MgSO 4 , and 0.1% BSA. Oocytes were then transferred to TCM-199 medium supplemented with 3 mg/mL BSA for 1 h to allow cell fusion.
For activation, bovine and porcine reconstructed oocytes were exposed to ionomycin (5 and 15 μM, respectively) for 5 min. Bovine oocytes were then transferred to synthetic oviduct fluid (SOF) medium supplemented with cytochalasin B (7.5 μg/mL), and cycloheximide (10 μg/mL) for 4 h. Porcine oocytes were cultured for 4 h in Ca 2+ -free porcine zygote medium (PZM-3) [41] supplemented with 10 mM strontium chloride, 7.5 μg/mL of cytochalasin B, and 10 μg/mL of cycloheximide.
Embryo culture
After IVF, presumptive bovine zygotes were denuded by vortexing, and then cultured in groups of 30 in a culture chamber (CBS Scientific, Del Mar, CA, USA) at 39
• C in a saturated humidity atmosphere of 5% CO 2 , 5% O 2 , and 90% N 2 in 500 μl of SOF medium in fourwell plates (Nunc, Roskilde, Denmark). The same conditions were used for culture of bovine SCNT embryos. Porcine IVF and SCNT embryos were cultured in PZM-3 medium in a humidified atmosphere of 5% CO 2 and 95% air at 38.5
• C. At day 5 of development, the medium was supplemented with 10% FBS. Cleavage rates for both bovine and porcine embryos were evaluated 48 h after fertilization or SCNT and blastocyst rates were assessed at day 7 of embryo development.
RNA extraction and quantitative reverse transcriptase PCR
Embryo cleavage was assessed at 48 h of culture and non-cleaved oocytes were discarded. Cleaved embryos were maintained in culture and samples were collected for mRNA extraction at different days of development (days 2, 4 and 7 for experiment 1, and days 2, 3, 4 and 5 for experiment 2). Only expanded blastocysts were collected at day 7 of development. Total RNA was extracted from bovine and porcine embryos (groups of 10-15) using the PicoPure RNA Isolation Kit (Life Technologies) according to the manufacturer's instructions. RNA was treated with DNase I (Qiagen; Louiville, KY, US or São Paulo, SP, Brazil) and reverse transcribed using SuperScript VILO cDNA Synthesis Kit (Life Technologies). Quantitative reverse transcriptase PCR (qRT-PCR) reactions were performed in a CFX 384 real-time PCR system (BioRad, Hercules, CA, USA) using the advanced qPCR mastermix (Wisent Bioproducts, St-Bruno, QC, CA), for porcine samples and Platinum SYBR Green qRT-PCR SuperMix (Life technologies) for bovine samples. Primers were designed based on bovine (Supplemental Table S1 ) and porcine (Supplemental Table  S2 ) sequences available in GenBank, and synthesized by IDT (Windsor, ON, CA or Belo Horizonte, MG, Brazil). Samples were run in duplicates, and the standard curve method was used to determine the abundance of mRNA for each gene. Relative mRNA expression was normalized to the mean abundance of the internal control gene H2A. All reactions had efficiency between 90% and 110%, r 2 ≥ 0.98, and slope values from -3.6 to -3.1. Dissociation curve analyses were performed to validate the specificity of the amplification products.
Statistical analysis
Data were analyzed using the JMP software (SAS Institute Inc., Cary, NC). Differences in transcript levels were analyzed by multicomparison test using LSMeans Student t-test. Data were tested for normal distribution using Shapiro-Wilk test. Results are presented as means ± SEM, and P < 0.05 was considered statistically significant. The fold change in mRNA expression for IVF embryos between days of development (2-3, 2-4 and 2-5), and between IVF and SCNT at each day of development (3, 4, and 5) was calculated using the mean 
Results

Embryo development
For all replicates performed to collect samples for qPCR analysis, a proportion of the cleaved embryos were randomly separated at 48 h and maintained in culture for 7 days to evaluate rates of development to the blastocyst stage. For IVF experiments, the number of replicates was seven for bovine (n = 871 oocytes) and eight for porcine (n = 2661 oocytes), which resulted in cleavage rates of 77% and 42%, and blastocyst rates from cleaved embryos of 42% and 29%, respectively. For SCNT experiments, five replicates were performed for each species (n = 475 and 520 fused oocytes for bovine and porcine, respectively) and resulted in cleavage rates of 73% and 72%, and blastocyst rates of 21% and 20%, for bovine and porcine embryos, respectively.
mRNA expression profile of histone 3 lysine demethylases at early, middle, and late stages of in vitro embryo development
The relative mRNA abundance of genes encoding the main lysine demethylases of the H3K4, H3K9, and H3K27 were quantified by qRT-PCR at early (D2), middle (D4), and late (D7) stages of in vitro embryo development. These developmental stages were chosen as they represent pre-, during, and poststages relative to the EGA transition in bovine and porcine embryos. The mRNA expression profile of each gene would determine the stages at which the encoded demethylase would play a role. Genes presenting a descending, bell-shaped or ascending type of mRNA expression profile would indicate a role before/during, during, or during/after the EGA transition, respectively. In bovine, we identified one gene (KDM1B) with descending mRNA profile, three genes (KDM2B, KDM3B and KDM6A) having an ascending mRNA profile, and eight genes (KDM1A, KDM5A, KDM5B, KDM5C, KDM3A, KDM4A, KDM4C, and KDM7A) having a bell-shaped type of mRNA expression profile (Figure 1 ).
In porcine, mRNA abundance of most genes (KDM1A, KDM1B, KDM2B, KDM5A, KDM3A, KDM3B, KDM3C, KDM4B, KDM4C, KDM6A, KDM6B, and KDM7A) presented a descending profile. Only one gene (KDM5B) showed a bell-shaped mRNA profile and one gene (KDM5C) an ascending mRNA profile (Figure 2) . We did not detect quantifiable levels of KDM4A mRNA using two different sets of primers in any of the three developmental stages in porcine IVF embryos. Results from the first experiment revealed that bovine and porcine embryos differently regulate expression of genes encoding KDMs of H3K4, H3K9, and H3K27. mRNA profile of histone 3 lysine demethylase genes during EGA transition in IVF and SCNT embryos Based on the results of the first experiment, which revealed that the relative mRNA abundance of most demethylase genes varied from pre-to during EGA transition, we decided to further characterize the mRNA expression profile of H3K4, H3K9, and H3K27 KDMs genes during the EGA transition in bovine and porcine embryos produced by IVF and SCNT.
H3K4 demethylases
For bovine embryos, data from D2 to D5 IVF embryos clearly confirmed the mRNA expression pattern for KDM1A, KDM1B, KDM5A, KDM5B, and KDM5C genes during the EGA transition period observed in the first experiment ( Figures 3A and 6) . A similar mRNA expression pattern of KDMs of H3K4 was observed in bovine SCNT embryos during the EGA transition ( Figure 3A) . A number of temporal differences in the mRNA abundance were observed between IVF and SCNT embryos, particularly at D3 and D5 of development, with the exception of KDM1B which presented the same mRNA profile on both embryo production systems. Remarkably, transcripts abundance of KDM1A, KDM5A, KDM5B, and KDM5C genes increased at D4 in IVF, while in SCNT embryos, these same transcripts increased at D3. Moreover, KDM5A and KDM5B mRNA decreased between D4 and D5 in IVF, while no change was observed in SCNT-produced embryos. In addition, KDM2B mRNA increased between D2 and D5 in SCNT embryos; however, no difference was observed in IVF-produced embryos. Fold change increasing in mRNA abundance at different days of development relative to D2 embryos revealed that KDMs of H3K4, KDM5B, and KDM5C presented the greatest elevation during the EGA transition (Supplemental Figure S1) .
For porcine embryos, the mRNA profile during the EGA transition confirmed the overall trends observed in the first experiment, but further revealed significant temporal differences in the mRNA expression of KDM1B, KDM2B, KDM5B, and KDM5C genes between D2 and D3 of development ( Figures 3B and 6 ). Interestingly, we did not observe early activation of H3K4 demethylase genes in porcine SCNT embryos as observed in bovine SCNT embryos. However, similar to bovine, KDM5B and KDM5C transcripts decreased at D5 in IVF but not in SCNT porcine embryos. In addition, we observed a significant decrease in the mRNA abundance of KDM1A and KDM1B genes between D3 and D5 in SCNT, but not in IVF embryos ( Figure 3B ). As for bovine embryos, KDM5B and KDM5C presented the greatest fold change increase in mRNA expression among the KDMs of the H3K4 in porcine embryos (Supplemental Figure S2 ).
H3K9 demethylases
In bovine embryos, mRNA expression profile during the EGA transition of IVF embryos confirmed trends observed in the first experiment for all the KDMs of H3K9 (Figures 4A and 6 ). As for H3K4 demethylases, major temporal changes in mRNA abundance of H3K9 demethylases occurred between D3 and D4 of development in bovine IVF embryos. In SCNT embryos, KDM3A mRNA was upregulated earlier (D3) and KDM3B, KDM4A, and KDM4B later (D5) than in IVF embryos. In addition, transcripts abundance for KDM3A and KDM3C decreased between D4 and D5 in IVF embryos, yet remained unaltered in SCNT embryos ( Figure 4A ).
In porcine, the relative mRNA abundance of KDM3B and KDM3C confirmed a significant decrease during the EGA transition in IVF embryos (Figures 4B and 6 ). However, for KDM4B and KDM4C, a bell-shaped type profile in mRNA expression with peak at D3 was observed in IVF embryos during the EGA transition. This bell-shaped type pattern is similar to that observed in bovine embryos; however, it takes place 1 day earlier in porcine. As for the bovine embryos, a number of temporal variations were detected in the mRNA expression of H3K9 demethylases between IVF and SCNT porcine embryos during the EGA transition. Notably, SCNT embryos lack the bell-shaped type profile in mRNA expression with peak at D3 for KDM4B and KDM4C observed in IVF embryos. Moreover, SCNT embryos did not show a significant decrease in mRNA abundance for KDM3B, KDM3C, and KDM4B between D2 and D5 observed in IVF embryos ( Figure 4B ).
H3K27 demethylases
In bovine IVF embryos, the mRNA profile of the three H3K27 demethylases (KDM6A, KDM6B, and KDM7A) during the EGA transition confirmed the trend observed in the first experiment (Figures 5A and 6 ). As for other KDMs of H3K4 and H3K9, significant temporal changes in the mRNA abundance of KDM6A and KDM7A occurred between D3 and D4 in IVF embryos. While KDM6A mRNA expression remained high in D5 embryos, KDM7A mRNA decreased between D4 and D5, confirming a bell-shaped type expression of this KDM of H3K27 during the EGA transition in IVF embryos ( Figure 5A ). Interestingly, temporal variations in the mRNA abundance were detected in SCNT embryos, which includes an early increase in the mRNA abundance of the three H3K27 demethylases between D2 and D3 embryos and an early decrease in the KDM7A mRNA between D3 and D4 embryos. Moreover, while KDM6A mRNA abundance did not vary during the EGA transition in IVF embryos, it did however increase between D2 and D3 and remained high at D5 in SCNT embryos ( Figure 5A ).
In porcine IVF embryos, the mRNA profile of the three H3K27 demethylases revealed a bell-shaped type expression during the EGA transition, with a peak at D3 of embryo development ( Figures 5B  and 6 ). In porcine SCNT embryos, the relative mRNA abundance of KDM6A did not increase between D2 and D3 embryos. On the other hand, the temporal mRNA profile of KDM6B and KDM7A was similar between IVF and SCNT embryos during the EGA transition, which includes a significant decrease in KDM6B mRNA between D3 and D5 embryos and a bell-shaped type of expression with peak at D3 for the KDM7A (Figure 5B ). 
Discussion
Epigenetic changes are essential for regulation of embryo development. Indeed, major events required for the successful development of an embryo, such as the initiation of transcriptional activity, involve a series of epigenetic modifications [17, 37] . In addition, epigenetic changes are correlated with the embryo developmental competence [42] . However, the mechanisms involved in the establishment of the epigenetic program in early developing embryos remain largely uncharacterized. To gain additional insights into this process, this study evaluated the expression profile of key KDMs of H3K4, H3K9, and H3K27 in early developing embryos of two important livestock species, bovine, and swine. Moreover, to investigate whether KDMs of H3K4, H3K9, and H3K27 are properly expressed during cell reprogramming, the mRNA expression profiles of IVF and SCNT embryos were compared.
This study first revealed that transcripts of several KDM genes (e.g. KDM1A, KDM2B, KDM5A, KDM5B, KDM5C, KDM3A, KDM4A, KDM4B, KDM4C, KDM6A, KDM6B, and KDM7A) are transiently upregulated around embryo developmental stages when the embryo genome is activated (Figure 6 ), which indicates a potential role in the modulation of the EGA process. The fact that the peak in the mRNA abundance was observed a day earlier (D3) in porcine compared with bovine (D4) embryos further suggests a role of the aforementioned KDMs in the EGA process, as the main period of EGA is known to occur at 4-and 8-cell stages in porcine and bovine embryos, respectively [43, 44] . Our findings are in line with previous studies using mouse embryos, which showed extensive remodeling in methylation levels of histone lysine residues during the EGA transition [20, 21] , as well as in porcine IVF and SCNT embryos, which showed a transient decrease in the immunofluorescence signal for di-and tri-methylated H4, H9, and H27 during in vitro development [45] . We observed that most KDMs upregulated during the EGA period act on H3K4 methylation, which is established as a marker of active gene transcription. However, other demethylases acting predominantly in the repressive marks H3K9 (e.g. KDM3A, KDM4A, KDM4C in bovine; KDM4B, KDM4C in porcine), and H3K27 (e.g. DKM6A, KDM6B, KDM7A in porcine) were also transiently upregulated during the EGA period ( Figure 6 ). These observations propose that both active and repressive epigenetic marks require modulation for proper genome activation in bovine and porcine embryos, as previously observed in mouse embryos [39, 46, 47] . The fact that more than one KDM acting in each lysine residue is upregulated during the EGA transition further suggests that different active/repressive markers need to be reprogrammed during this critical developmental stage in bovine and porcine species. In this context, we observed that the mRNA expression of KDM7A, which has been proven to act on both H3K27 and H3K9 [48] , and execute a role in cell differentiation [49] , is upregulated during the EGA transition in bovine and porcine species. Nonetheless, the function of this KDM in the modulation of the EGA process remains unproven.
In addition, this study revealed that the mRNA expression profile of select KDMs, including KDM1A, KDM2B, KDM3A, KDM3B, KDM3C, KDM5A, and KDM6B, differs between porcine and bovine embryos. This would suggest that the function of these KDMs in the modulation of the EGA process and establishment of the epigenetic program in early developing embryos may be speciesspecific. Further studies using loss-or gain-of-function approaches will help determine the function of each KDM in the modulation of the EGA transition and establishment of the epigenetic program in the embryo of each species. Although it is known that epigenetic modulation through KDM regulation occurs during gamete/embryo development [20, 21, 38, 50] , the temporal regulation of KDM expression during embryo development remains largely undetermined. Our findings in bovine and porcine embryos revealed that mRNA levels of KDMs acting on either active (e.g. KDM2B, KDM5A, and KDM5B) or repressive (e.g. KDM4C, KDM4D, and KDM7A) transcription marks experienced peak expression during the EGA period, which is similar to previously reported in mouse embryos [20] . In support of our findings, previous work using RNAseq in bovine embryos shows that primary transcripts for several KDMs were detected at 8-cell stage, i.e. the developmental stage when the embryo genome is activated [51] .
Although embryos produced in vitro that do not develop to the blastocyst stage tend to arrest their development near the EGA transition stage, a phenomenon referred to as embryo blocking, the implication of the epigenetic program in this process, including changes in lysine methylation, remains largely unknown. In this context, findings from recent studies indicated that the epigenetic configuration of the sperm chromatin affects the EGA transition, cell differentiation, and embryo development [31, 50] . In addition, modulation of regulators of epigenetic signatures were shown to affect meiosis, mitosis, cell cycle progression, DNA repair, cell differentiation, and perturbed development by increasing embryo blocking [20, 27, 29, 52] . Those studies provided evidence that higher embryo-blocking rates observed in cultured embryos may be linked to improper establishment of the epigenetic program, which may be a consequence of altered chromatin configurations inherited from the gametes or improper culture environments.
Findings from our study revealed that the mRNA expression profiles of KDMs acting on either repressing (e.g. KDM3A, KDM3B, KDM3C, KDM4B, KDM4C, KDM6A, and KDM7A) or activating (e.g. KDM1A, KDM2B, KDM5A, KDM5B, and KDM5C) marks are altered in SCNT embryos. Remarkably, we found that the mRNA abundance of several KDMs (e.g. KDM1A, KDM5A, KDM5B, KDM5C, KDM3A, KDM4C, KDM6A, and KDM7A) was upregulated earlier during development in SCNT compared with IVF embryos, while others (e.g. KDM4B) were more abundantly expressed after the EGA period. There is general agreement that epigenetic marks are the main determinates of cell reprogramming to a totipotent state in SCNT embryos and induced pluripotent stem cells (iPSC) [14, 33, 53, 54] . Indeed, the epigenetic memory needs to be reset in the somatic cells to sustain normal development in SCNT embryos and pluripotency in iPSC [55] [56] [57] [58] [59] . There is evidence from previous studies that the methylation status of either transcription repressive, H3K9 [23, 24, 32, 33] and H3K27 [35, 36] , or active, H3K4 [19] , epigenetic marks affects cell reprogramming. Although the consequences of the altered mRNA expression profile of KDMs on cell reprogramming and embryos development have not been determined, our work revealed temporal flaws in the regulation of important genes involved in the modulation of the epigenetic program in SCNT embryos. An intriguing observation was the early upregulation in the mRNA expression of several KDMs in SCNT compared with IVF embryos. This may indicate an embryo reaction for promoting additional reprograming in the somatic chromatin or differences in the inherited chromatin configuration resulting in early gene expression and EGA transition in SCNT embryos. In line with these hypotheses are previous observations that the success in SCNT is affected by the differentiation stage of nuclear donor cell [60, 61] .
In conclusion, this study revealed that the mRNA expression of several genes encoding KDMs acting on transcription activating (H3K4) and repressive (H3K9 and H3K27) epigenetic marks is dynamically regulated during early development of bovine and porcine embryos. In addition, important differences in the mRNA expression profile were observed between bovine and porcine embryos and between IVF and SCNT embryos in each species. These findings provide a solid base for further studies to investigate the epigenetic role in the regulation of embryo developmental events, including EGA transition, cell programming, and reprogramming in fertilized and SCNT embryos.
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